To evaluate dynamic changes in iris configuration and their association with anterior chamber angle width by using anterior segment optical coherence tomography (ASOCT). METHODS. Forty-six normal subjects with open angles and 40 with narrow angles (Shaffer grade Յ2 in three or more quadrants during dark room gonioscopy) were analyzed. The dynamic ASOCT dark-light changes of iris bowing were captured with real-time video recording and nasal iris bowing, nasal anterior chamber angle, and pupil diameter were measured in serial image frames selected from the video capture. The associations between iris bowing, iris thickness, anterior chamber depth (ACD), age, anterior chamber angle, and pupillary diameter measurements were evaluated with univariate and multivariate regression analyses. RESULTS. The relationship between iris bowing and pupil diameter was largely linear, with three dynamic patterns observed:
P rimary angle-closure glaucoma is a major cause of visual morbidity in East Asia. 1, 2 Several biometric risk factors, including shallow anterior chamber depth (ACD), short axial length, and small corneal diameter have been related to the development of primary angle closure (PAC), [3] [4] [5] [6] [7] [8] but less attention has been focused on the iris, because it is difficult to quantify its dimensions with either slit lamp biomicroscopy or gonioscopy. The iris is a dynamic structure, constantly changing in configuration in response to light and accommodation. Standardizing of lighting conditions and accommodation is crucial for objective measurement of iris dimensions.
Analysis of iris bowing has been investigated with ultrasound biomicroscopy (UBM). 9 -11 UBM, however, is limited because it is a contact technique. Anterior segment optical coherence tomography (ASOCT) is a noncontact imaging method that provides cross-sectional visualization of the anterior segment. With a scan speed of 2000 A-scans per second and the ability to adjust the focus of the internal fixation target, dynamic changes in iris bowing can be imaged and objectively measured in dark and light without being influenced by accommodation. In this study, we evaluated dynamic changes of iris configuration and their association with the anterior chamber angle (ACA).
METHODS
The study was conducted in accordance with the ethics stated in the 1964 Declaration of Helsinki and approved by the local Clinical Research Ethics Committee. After the purpose and nature of the investigation were explained, informed consent was obtained from 86 Chinese subjects (46 with open angles and 40 with narrow angles), who were under observation in the Department of Ophthalmology, Hong Kong Eye Hospital. All subjects underwent a complete ophthalmic examination including visual acuity with refraction, A-scan UBM, slit lamp biomicroscopy, intraocular pressure measurement, and fundus examination. Except for cataract, these subjects had no evidence of ocular disease or glaucoma. Indentation gonioscopy was performed with a short and narrow beam width of the minimum possible illumination in a completely darkened room with a four-mirror indentation gonioprism. Caution was used to avoid having the slit beam light fall on the pupil. A modified Shaffer grading system was used to describe the angle width. 12 A narrow angle was defined as Shaffer grade Յ2 in three or more quadrants during dark room gonioscopy. Subjects with evidence of peripheral anterior synechiae on indentation, a history of the use of any topical or systemic medication that could affect the ACA or pupillary reflex, or a history of previous intraocular operative or laser surgery, were excluded from the study.
ASOCT Imaging
In a randomly selected eye, ASOCT imaging was performed with a Visante OCT (model 1000; Carl Zeiss Meditec, Inc., Dublin, CA). The system's principle of imaging is based on low-coherence interferometry, with a 1310-nm superluminescent light-emitting diode (SLD) as the light source. Analogous to an ultrasound B-scan, the Visante OCT acquires multiple A-scans and aligns them to construct two-dimensional images. The scanning of the anterior segment was a noncontact procedure during which the subject fixated on an internal target with focus adjusted with reference to the subject's refractive error at distance. The Visante OCT allows real-time imaging of the anterior chamber with a scan speed of 2000 A-scans per second. The scan acquisition time is 0.125 second per line for the anterior segment single scan (limbal-to-limbal) at eight frames per second. The detail of video recording with ASOCT imaging has been described. 13 In brief, an OCT scan line (anterior segment single 0°to 180°, 6 mm deep ϫ 16 mm wide, and 256 A-scans per line) was manually adjusted to bisect the pupil, with video recording began once the subject had been dark adapted for approximately 1 minute. The video capture was performed in the dark (light intensity measured at the subject's sitting location, 0.3 lux) and the room light was then turned on (light intensity, 368 lux). The change in pupil diameter, from dilation in dark to constriction under room light, and the associated changes in iris configuration were recorded in a video file that was subsequently exported for editing. Each video file was reviewed in video editing software (Video Edit Magic ver. 4.21; Deskshare, Melville, NY). The image series in each eye was then reviewed frame by frame, and the images that showed changes in pupil diameter compared with the preceding images were selected for iris and angle measurements. The average number of image frames analyzed per eye was 9.2 (range, 5-16). Seven subjects were excluded because of difficulty in identifying the scleral spur in one or more image frames in the video capture, and two were excluded because of suboptimal video quality related to eye blinking and eye movement. Only the nasal iris and nasal angle were measured.
Measurement of ACA Width and Pupil Diameter
A program was written in commercial software (MatLab ver. 6.5; The MathWorks, Natick, MA) for the measurement of the angle-opening distance (AOD), the trabecular-iris angle (TIA), and the trabecular-iris space area (TISA) after manual selection of the locations of the scleral spur and apex of the iris recess. Good reliability of angle measurement has been shown with this program (the intra-and interobserver intraclass correlation coefficients [ICC] for ACA measurement ranged between 0.95-0.98 and 0.97-0.99, respectively).
14,15 AOD 500 was calculated as the distance from the corneal endothelium to the anterior iris surface, perpendicular to a line drawn at 500 m from the scleral spur. The TIA 500 was defined as an angle measured with the apex in the iris recess with the arms of the angle passing through a point on the trabecular meshwork 500 m from the scleral spur and a point on the iris located perpendicularly. The TISA 500 is an area bounded anteriorly by the AOD 500, posteriorly by a line drawn from the scleral spur perpendicular to the plane of the inner scleral wall to the opposing iris, FIGURE 1. Measurement of iris bowing in eyes with convex (a) and concave (b) irises. Iris bowing (red line) was defined as the perpendicular distance from the iris pigment epithelium to a midpoint between the iris root and the iris tip (the contact point between the iris and the lens at the pupillary margin; green line). superiorly by the inner corneoscleral wall, and inferiorly by the iris surface. 16 Pupil diameter was determined as the distance between the pupil margins. ACD was measured in the ASOCT images as the perpendicular distance from the anterior surface of the lens to the corneal endothelium.
Measurement of Iris Thickness and Iris Bowing
Image analysis software (SigmaScan Pro ver. 5.0; Systat Software, Inc., Point Richmond, CA) was used to measure iris thickness and iris bowing. Iris thickness was the distance between the anterior and posterior iris surfaces at the midpoint between the iris root and the iris tip. Iris bowing was defined as the perpendicular distance from the iris pigment epithelium to a midpoint between the iris root and the iris tip (the contact point between the iris and the lens at the pupillary margin). 10 -11 As the point of greatest concavity or convexity may vary from frame to frame in a video capture, the midpoint between the iris root and the iris tip was selected as the reference landmark, to reduce the measurement variability of iris bowing. If the line of measurement was posterior to the iris pigment epithelium (Fig. 1a) , the sign of iris bowing was positive, and the iris was anteriorly convex. If the line of measurement was anterior to the iris pigment epithelium (Fig. 1b) , the sign of iris bowing was negative, and the iris was anteriorly concave. Thirty images from 30 subjects (15 with convex irises and 15 with concave ones) were randomly selected for evaluation of measurement reliability of iris bowing. The intra-and interobserver ICCs were 0.98.
Statistics
Age, axial length, spherical equivalent, and pupil diameter between the open-and narrow-angle groups were compared by independent t-test after checking the assumption of normality (SPSS version 15.0; SPSS, Chicago, IL). ACA and iris parameters (ACD, AOD, TIA, TISA, iris bowing, and iris thickness) were compared with adjustment of age and pupil size. The relationship between iris bowing and pupil diameter in each eye was studied with linear regression analysis. Univariate and multivariate regression analyses were performed to determine factors (age, axial length, ACD, and iris thickness) associated with AOD and iris bowing measured in the dark. Factors significant at P Ͻ 0.05 were included in the multivariate analysis. The associations between the difference in iris bowing in light and dark (iris bowing (dark) minus iris bowing (light) ) and the differences in AOD/TIA/TISA (angle width (light) minus angle width (dark) ) in light and dark, age, axial length, ACD, and iris thickness were examined with univariate regression analysis.
RESULTS
Forty-six subjects with open angles and 40 with narrow angles were included. Table 1 compares the biometric parameters between the open-and narrow-angle groups. The axial length, ACD, and ACA measurements were significantly smaller, and the iris bowing was significantly greater in the narrow-angle group (all with P Ͻ 0.001). In both open-and narrow-angle subjects, the ACA measurements were greater in the light than in the dark, and iris bowing was more positive, or less negative, in the dark (all with P Ͻ 0.001). No significant difference was observed in iris thickness between the two groups. Although AOD was significantly associated with age, axial length, ACD, and iris bowing (all with P Ͻ 0.001), ACD, and iris bowing were the only two factors independently associated with the ACA measurements in the multivariate analyses (both with P Յ 0.001; Table 2 ).
The distribution of subjects with convex or concave iris configurations in dark and in light in the open-and narrowangle groups is shown in Table 3 . Three different dynamic patterns (1) convex-to-convex, (2) concave-to-convex, and (3) concave-to-concave were observed in the relationship between iris bowing and pupil diameter (Fig. 2) . Convex-to-convex represents a configuration in which the iris remains convex in changing from the light to the dark (Fig. 2a) . For concave-toconvex configuration, the iris changes from concave in the light to convex in the dark (Fig. 2b) . For concave-to-concave configuration, the iris remains concave when changing from the light to the dark (Fig. 2c) . The relationship between iris bowing and pupil diameter was largely linear; 95.7% (n ϭ 44) of open-angle subjects and 92.5% (n ϭ 37) of narrow-angle subjects showed significant (P Ͻ 0.05) linear association between iris bowing and pupil diameter. The direction of association was the same for the three dynamic patterns: An increase in pupil diameter was associated with an increase in iris convexity. All subjects in the narrow-angle group had a convex-to-convex configuration. Of the subjects with open angles, 65.2% had convex-to-convex, 21.7% had concave-to-convex, and 13.0% had concave-to-concave configurations. In eyes with Data are expressed as n (%). convex-to-convex configuration, the iris was more convex in the narrow-angle group than in the open-angle group, although iris thickness was not significantly different between the groups (Table 4 ). The dynamic patterns of iris bowing were significantly related to age and axial length. Subjects with convex-to-convex configuration were older and had shorter axial length compared with those with concave-to-concave or concave-to-convex configurations (Mann-Whitney test, both with P Ͻ 0.001; Figs. 3a, 3b) . Iris thickness was not significantly different among the groups (Figs. 3c, 3d) . Table 5 shows the association between age, axial length, ACD, ACA measurements, iris thickness, and the difference in iris bowing in light and dark (iris bowing (dark) minus iris bowing (light) ). Older age (r ϭ Ϫ0.352, P ϭ 0.001), smaller ACD (r ϭ 0.382, P Ͻ 0.001), and a smaller difference in angle width were associated with a smaller difference in iris bowing.
DISCUSSION
With real-time ASOCT recording, we observed three different dynamic patterns of iris configuration. These patterns were related to age, axial length, and the ACA. The convex-toconvex configuration was found predominantly in older subjects with shorter axial length. All subjects in the narrow-angle group had convex-to-convex configuration. Individuals with concave-to-concave or concave-to-convex configurations were younger and had longer axial length. The importance in iris bowing in determining the ACA is reflected by the observation that both the iris bowing and ACD were independently associated with the angle width.
The presence of iris convexity has been attributed to the existence of aqueous outflow resistance at the pupillary margin, generating a pressure gradient between the anterior and posterior chambers. 17 In agreement with a recent study using UBM, 11 we found that increased age and decreased ACD were significantly associated with increased iris bowing. In addition, we showed that both iris bowing and ACD were independently associated with the angle width. This finding suggests that in addition to ACD, the iris configuration plays an important role in determining the angle width and the risk of angle closure. With aging, the lens gradually moves forward, pushing the iris diaphragm anteriorly and causes a closer contact between the iris and the lens. It is probable that iris convexity increases as a result of increased relative pupillary block. 11 It has been shown that the anterior bowing of the iris in PAC resumes a flattened configuration after laser iridotomy when the pressure in the anterior and posterior chambers is equalized. 18, 19 Iris bowing may serve to signify the degree of relative pupillary block. Both ACD and iris bowing measurements are essential in understanding the risk and mechanism of PAC.
Posterior bowing of the iris (or iris concavity) has been described by UBM imaging in subjects during eye accommodation and in patients with pigment dispersion syndrome. 20, 21 Although it is difficult to control for accommodation (particularly in younger individuals) during UBM imaging, the Visante ASOCT minimizes the influence of accommodation by adjusting the focus of the internal fixation target with reference to the subject's refractive error at distance. In this study, iris concavity was found in normal subjects when the eyes were not accommodating. In addition, iris concavity was more frequently observed in the light when the pupil was constricted (10 subjects had the pattern of concave-to-convex configuration). All subjects demonstrating iris concavity (in light and/or in dark) had open angles, were younger, and had longer axial length. None of them had evidence of pigment dispersion syndrome. The mechanism of iris concavity in pigment dispersion syndrome has been attributed to iridozonular contact resulting in reverse pupillary block. 22 In normal subjects, it has been proposed that forward movement of the lens during accommodation causes temporary reduction of the anterior chamber volume, and the increase in anterior chamber pressure pushes the iris back. 23, 24 Although it remains unclear what causes iris concavity in nonaccommodating eyes, the observation that iris concavity was reduced from light to dark suggests that the pressure gradient across the anterior and posterior chambers varies with pupil diameter, resulting in different iris configurations. When the pupil is dilated from light to dark, there is an abrupt reduction in posterior chamber volume, leading to an increase in the posterior chamber pressure (assuming the outflow resistance at the pupillary margin is constant).
This pressure change pushes the iris to adopt a less concave or even a convex configuration. Likewise, in subjects with a convex iris in light, the convexity increases when the pupil is dilated in the dark. Dynamic measurement of iris bowing may offer an effective approach to the study of the change in pressure differential across the iris.
All narrow-angle subjects had convex-to-convex iris configuration. In fact, the increase in iris bowing from light to dark contributed to the increased narrowing of the angle when the pupil was dilated (Table 3) . For this reason, it is important to examine the angle in the dark for evaluation of angle closure. It is notable that not all subjects with convex-to-convex configuration had narrow angles (43% had open angles). Although anterior bowing of the iris indicates the presence of relative pupillary block and is a key factor in determining angle width, iris configuration should always be interpreted with reference to other biometric risk factors for angle closure. The difference in iris bowing in light and dark correlated negatively with age and positively with ACD. It is plausible that the iris becomes stiffer in older subjects and in subjects with smaller ACD. This notion is in agreement with a recent study showing that collagen density is increased in eyes with PAC. 25 Age and ACD are known risk factors for PAC. It would be interesting to investigate whether a stiff iris is also a predisposing factor in the development of PAC.
As the main objective of the study was to describe the dark-light changes in iris configuration, we selected only the nasal side for analysis, with the assumption that the dynamic profile is similar in other quadrants. This assumption should be validated in future studies. Because of the scan geometry of the scan probe and the refraction at smooth surfaces of the eye, a built-in dewarping algorithm is included in the Visante OCT to correct for image misalignment. This correction, however, was not available when images were directly analyzed from the video capture. Nevertheless, the true value of iris measurement may not be essential in this study, as analyses were performed in evaluating the association or correlation with other anterior segment parameters measured in the same image.
In summary, there are different dynamic patterns of iris configuration that are related to age, axial length, and the ACA.
In addition to ACD, iris bowing is independently associated with angle width. Investigating iris dynamics could provide important information in understanding the risk and mechanism of primary angle closure. 
